N ORTHERN peatlands have sequestered between 270 to 455 Pg CO 2 -C from the atmosphere and therefore play an important role in the global greenhouse effect (Gorham 1991; Turunen et al., 2002) . Carbon sequestration results from an imbalance between primary production and organic matter decomposition, leading to the buildup of peat deposits that are often meters deep and contain up to 200 kg C m j2 . Decomposition is slow in peatlands owing to poor substrate quality, limited nutrient supply, antimicrobial properties of the endemic plant tissues, primarily Sphagnum mosses, low pH, and cold and at least partially waterlogged environments (Yavitt et al., 1997) . Long-term C accumulation rates have been estimated using radioisotope-derived ages of basal peat and bulk densities (Gorham 1991; Turunen et al., 2002) but cannot resolve contemporary or short-term effects of climate and environmental changes.
Net ecosystem CO 2 exchange (NEE) has been measured with flux chamber and eddycovariance techniques over scales of m 2 to ha at fine temporal resolution and can be partitioned into photosynthesis and ecosystem respiration (ER), the latter under dark conditions (e.g., Bubier et al., 2003 . These techniques have been used to parameterize predictive models , but they cannot separate ER into plant and microbial CO 2 production components. Using separate measurement techniques at the Mer Bleue bog near Ottawa, Canada, both Bubier et al. (2003) and Lafleur et al. (2003) reported variability in ER, driven by differences in temperature and moisture status, was primarily responsible for inter-annual differences in NEE.
Microbial decomposition is responsible for the net release of C from peat to the atmosphere, though it is inherently difficult to measure. Continuous Sphagnum moss cover and dense vascular roots inter-twined in the peat profile make in situ characterization of microbial CO 2 production impossible due to concomitant plant respiration. One of the most common methods of characterizing microbial CO 2 production involves removal of peat and in vitro incubation under controlled temperature and aeration in the absence of living vegetation (Blodau et al., 2004; Glatzel et al., 2004; Moore and Dalva, 1997; Yavitt et al., 1997) . Often termed potential CO 2 production, this technique can demonstrate or identify the effects of in situ peat chemical, nutrient, and microbial differences on CO 2 production under controlled temperature and aeration. Samples are usually collected once to illustrate inter-site or treatment effects on microbial CO 2 production. However, it is likely that peat chemistry and nutrients that affect microbial biomass and microbial CO 2 production vary over time because of changes in temperature and precipitation and through plant activities, which provide a pool of labile organic matter and nutrients to microorganisms through exudation and fine root turnover. Thus, plant phenology, changing environmental conditions, and variations in nutrient availability could affect decomposition rates.
As there are apparently no studies that explore variations in seasonal and inter-annual heterotrophic CO 2 production in peatlands, our objective was to characterize seasonal and interannual microbial CO 2 production potential in a bog. We collected samples from the upper 30 cm of a peat profile at one site in the Mer Bleue bog over a period of 2 years and incubated the samples in the laboratory to determine CO 2 production potential. We attempted to relate variations in CO 2 production potential to differences in substrate characteristics and variations in thermal and hydrologic regime. We then relate these measurements to field observations of ER at the site.
MATERIALS AND METHODS
Study Site, Environmental Measurements, and Peat Sampling Mer Bleue is a 25 km 2 peatland complex located 10 km east of Ottawa, ON, Canada. Samples were taken from an ombrotrophic bog site that has previously been described in detail Blodau et al., 2004; Bubier et al., 2003; Lafleur et al., 2003; Moore et al., 2002) . The microtopography was dominated by hummocks with Chamaedaphne calyculata, Ledum groenlandicum and Kalmia angustifolium shrubs and Sphagnum capillifolium, Sphagnum magellanicum, and Polytrichum strictum mosses. Surface elevation between hummocks and hollows varied by about 10 to 20 cm. Continuous measurements of water table position and peat temperature, relative to the peat surface, were made at the nearby eddy-covariance tower (see Lafleur et al., 2003 Lafleur et al., , 2001 , for details).
In mid June, August, and November 2000 and mid June, October, and December 2001, single 100 cm 2 Â 35 cm cores were removed from five hummocks approximately 30 m northeast of the tower with a serrated knife, transported to the laboratory in coolers, and stored at 4 -C. The surface vegetation, including green photosynthetic portions of the Sphagnum moss layer, was removed and cores were dissected into 0-to 5-, 5-to 10-, 10-to 20-, and 20-to 30-cm depth segments.
Analytical Methods
Incubations were set up 48 hours after sampling to eliminate residual plant root respiration. Approximately 5 g of peat (wet weight) from each sample was placed into a 50-ml Erlenmeyer flask. Extractable organic and microbial C and N and inorganic N were determined using a chloroform (CHCl 3 ) fumigation-extraction technique modified from Voroney et al. (1993) . Briefly, approximately 40 g of peat (wet weight) from each bulk sample was split into two 20 g samples. One sample was placed in a vacuum desiccator and fumigated with ethanol-free CHCl 3 in absence of light for 24 hours. Chloroform vapor and residue was then removed through repeated evacuation. All samples were sealed in containers containing 0.5 M potassium sulfate (K 2 SO 4 ) solution, shaken for 1 hour at 200 rpm on an oscillating shaker, and filtered with 0.45-6m glass fiber filters. A subsample of each extract was used in an alkaline persulfate oxidation reaction to determine total N in solution as NO 3 j (Williams et al., 1995) . Dissolved inorganic N (DIN) was measured as NH 4 + and NO 2 + NO 3 j colorimetrically on a Latchat FIA + 8000 series continuous flow autoanalyzer (Latchat Instruments, Milwaukee, WI, USA). Dissolved organic C (DOC) was measured with a Shimadzu 5050 TOC analyzer after pH adjustment to 2.5 and sparging with CO 2 -free N 2 for 10 minutes. Extractable DOC and DIN were measured directly in K 2 SO 4 extracts from the nonfumigated samples. Extractable organic N was calculated as total extractable N from the nonfumigated subsamples minus DIN. Microbial biomass C and N were calculated by subtracting the nonfumigated extractable DOC or total N from the fumigation-extraction DOC or total N, respectively. Because we were only interested in relative comparison between samples, and because there have been reports of large variations in C and N extraction efficiency coefficients (K EC , K EN ) (e.g., Brookes et al., 1985; Sparling et al., 1990) for different soils, no extraction efficiency coefficients were used in our calculations. Values are expressed per g of dry peat and per m 2 by 30 cm depth volume of peat as above. The sum of all pools of N characterized is referred to as total N.
Respiration quotients (qCO 2 ) were calculated as the rate of CO 2 -C production per microbial biomass C per day. Temperaturecorrected CO 2 production rates were calculated using Q 10 values reported in Scanlon and Moore (2000) for the same site to estimate in situ rates of CO 2 production. We applied the Q 10 CO 2 production rate multiplier to the temperature difference between the daily temperature on the sampling day and the 22 -C temperature in the laboratory. Gravimetric moisture content was calculated as the proportion of moisture per dry peat, expressed as percent.
Statistical Analyses
All statistical calculations were made using Systat 10 (SPSS Inc. Chicago, IL, USA). Analysis of variance with Tukey post hoc testing was conducted to evaluate differences over time, over time at constant depths, or throughout depths at each date. Pearson correlation coefficients and corresponding Bonferroni probabilities were calculated between measured variables across all times and depths. For analysis of variance with the entire NO 3 j , NH 4 + , and temperature-corrected CO 2 production data sets and the 0-to 5-cm depth CO 2 production data set, where residual distribution was not normal (skewness/standard error of skewness and kurtosis/standard error of kurtosis 9 2 or G j2), data were log transformed and reanalyzed; however, for ease of interpretation, means and standard deviations of nontransformed data are presented. Significant differences are assumed at P e 0.05.
RESULTS
During the summer and fall of 2000, the water table remained above about 40 cm beneath hummock surfaces, whereas it fell to a depth of about 70 cm during the summer of 2001 (Fig. 1A) (Table 2) , all of which also increased significantly in 2001 (Table 1) . Water table depth at time of sampling was negatively, though not significantly, correlated with extractable DOC and negatively correlated with CO 2 production potential at P = 0.10 but showed a significant negative correlation with NH 4 + , NO 3 j and total N ( Table 2) . Average microbial C was not significantly larger in 2001, although microbial N increased significantly, resulting in a significantly lower microbial biomass C:N quotient (Table 1) . Microbial C and N were positively correlated with CO 2 production, though relations were not significant (Table 2 ). No measured microbial or nutrient characteristics varied significantly with peat moisture content, whereas only microbial N decreased with increasing temperatures, and organic N and organic C:N quotient varied with pH (Table 2) . Temperature-corrected CO 2 production rates were approximately one-half nonadjusted rates and were not significantly different between years (Table 1) .
Average rates of CO 2 production decreased from June through November 2000, though were only significantly larger in June 2000 ( Fig. 2A) , whereas microbial biomass C and N were significantly greater in November (Fig. 2,  C and H) . The microbial C:N quotient did not change significantly throughout 2000 (Fig. 2K) . Decreasing CO 2 production and increasing microbial biomass over 2000 led to decreasing qCO 2 , though as with CO 2 production, quotients were only significantly larger in June 2000 (Fig. 2I) . Similar patterns were not observed in 2001, and there were no other clear or consistent inter-seasonal patterns of measured microbial or nutrient characteristics (Fig. 2) . Microbial CO 2 production varied from 2.5 g CO 2 m j2 day j1 in November 2000 to 5.7 g CO 2 m j2 day j1 in June 2001( Fig. 2A) , and microbial C varied from 26 g C m j2 in June to 42 g C m j2 in November 2000 (Fig. 2C) . The maximum relative difference in N over time was for NO 3 -N between November 2000 and June 2001 (Fig. 2E) , followed by NH 4 -N between August 2000 and October 2001 (Fig. 2F) , whereas extractable organic and microbial N varied relatively less among sampling dates (Fig.  2, G and H) . Although inorganic N changed relatively the most among sampling dates, total N was consistently dominated by microbial N followed by extractable organic N. Temperature adjusted microbial CO 2 production rates ranged from 0. (Fig. 2B) .
Although there were not consistent patterns of microbial CO 2 production and biomass C decreasing significantly with each depth, in most cases the surface depth was significantly greater than the lowest depth (Fig. 3, A and B) . The pattern of decreasing CO 2 production from June to November 2000 observed among depths ( Fig. 2A) was most apparent at the surface, with rates at each date significantly different than the other two (Fig. 3A) . Carbon dioxide production in the 5-to 10-and 20-to 20-cm segments in June 2000 was only significantly greater than November and August and November respectively, whereas in the 20-to 30-cm segment, there were no significant differences over time (Fig. 3A) . In contrast, the pattern of increasing microbial C over 2000 was not significant at the surface depth segment, while appearing between June and August and November in the 5-to 10-cm segment or June and November in the 20-to 30-cm segment (Fig. 3B) . In 2001 there were no significant differences in microbial CO 2 production or microbial C over time at any depths (Fig. 3, A and B) . At all depths and sampling dates, microbial and extractable organic N dominated total measured N (Table 3) . Clear depth patterns of individual nutrient pools over time were not apparent; although total N was significantly greater in the surface depth segment than the 10-to 20-and 20-to 30-cm segment at all sampling dates except August 2000 and December 2001 (Table 3) .
DISCUSSION
Microbial CO 2 production rates were faster at three sampling dates during warmer and drier
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905 decomposition has been demonstrated previously in peatlands experiencing water table drawdowns (Blodau et al., 2004; Moore and Dalva 1993) , and Updegraff et al. (1996) reported that increased aeration led to increased mineralization of labile pools of C and N. Although water table position only correlated with microbial CO 2 
906
BASILIKO, ET AL. SOIL SCIENCE production at P = 0.1, a lower water table was significantly (P G 0.05) associated with an increase in concentrations of NO 3 j , NH 4 + , and total N. In turn, microbial CO 2 production was positively and significantly correlated with these labile pools, suggesting that a link may exist between N availability and microbial decomposition, though it is important to note that significant correlation coefficients were generally low (0.35 to 0.69), suggesting other or multiple factors controlled N availability and microbial activity. In a dry year, more N is available either through decreased plant uptake resulting from drought stress or enhanced transfer of N to the extractable or inorganic forms. As shrub biomass and productivity at Mer Bleue is greatest where the water table is lowest , the latter is more likely. Increased microbial biomass N in 2001 was not accompanied by increased microbial biomass C, which led to smaller microbial C:N quotients, perhaps indicating that increased N availability to microorganisms allowed for enhanced CO 2 production. Although speculative, decreased C:N quotients could reflect a decrease in relative proportion of fungal, or an increase in the relative proportion of bacterial, biomass (Paul and Clark 1996) . Increased microbial activity, yet no increase in biomass C between the two years, may corroborate this assumption, based on conclusions of Holland and Coleman (1987) , who describe soil fungi as assimilating more, and respiring less, C than bacteria.
Contrary to water table depth, gravimetric peat moisture content did not correlate with nutrient concentrations, and inter-annual differences in peat moisture content were not significant. This probably was caused by sampling peat immediately after, though not during, the large water table drawdown in 2001, and to not having sampled peat on the same dates each year. Although there were no significant differences in moisture contents, it was likely that peat nutrient, chemical, and microbial properties measured in vitro still resulted from relatively wet and dry conditions between years. As with moisture content, there were no clear correlations . 767 (232) 813 (126) Temperature-corrected CO 2 production values were calculated by applying Q 10 temperature multipliers from Scanlon and Moore (2000) to correct for temperature differences in situ at sampling and in the laboratory. Standard deviations of five replicate cores are in parentheses. Significant differences, Ã P G 0.05, 
(
. P G 0.01.
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Fig. 2. Volumetric (1 m 2 by 30 cm) CO 2 production, microbial biomass, and N dynamics in 2000 and 2001. Corrected CO 2 production (B) was calculated by applying Q 10 temperature multipliers from Scanlon and Moore (2000) to correct for temperature differences in situ at sampling and in the laboratory. Bars represent standard deviations of five replicate cores. Significant differences (P G 0.05) between dates are indicated with different letters.
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BASILIKO, ET AL. SOIL SCIENCE Fig. 3 . Carbon dioxide production potential and microbial biomass C across depth segments and sampling dates. Bars represent standard deviations of five replicates. Significant differences (P G 0.05) between dates at each depth are indicated with different letters. Significant differences between depths at each date are indicated with different numbers.
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between temperature and nutrient concentrations or microbial CO 2 production. Temperature fluctuated more over shorter time scales than water table position (Fig. 1) , and temperature on any given sampling day may not have represented longer-term conditions that could been responsible for microbial activity and nutrient status. Likewise, gravimetric moisture content, particularly in surface peat, may have fluctuated over very short time scales, explaining why water table position and not temperature or moisture content correlated with nutrient concentrations. The temperature at sampling dates was not significantly different between years, resulting from sampling on different days of year (Fig. 1) Bubier et al. (2003) and Lafleur et al. (2003) . For the months for which Lafleur et al. (2003) reported average ER values and microbial CO 2 production rates were measured, temperature-corrected microbial CO 2 production in the upper 30 cm constituted 46, 41, and 67% of ER in June 2000 , August 2000 , and June 2001 . This suggests that increased microbial CO 2 production was at least partially responsible for increased ER in 2001. Microbial CO 2 production occurs as organic matter mineralization, and in absence of concomitant increased primary production, increased microbial activity may lead to a net loss of stored organic C. Alternatively, if microbial activity had not increased in 2001, we would have assumed that increased ER probably was due to increased autotrophic respiration, which would not necessarily correspond to an increased loss of stored organic C.
Although inter-seasonal nutrient and microbial variability were large, there were no consistent patterns. Williams and Silcock (2000) reported increasing microbial C at the end of summer coinciding with rising water tables in a UK peatland. Biomass C decreased again in late Total N is the sum of measured N species. Values are 6g N g j1 peat. Significant differences (P G 0.05) between dates at a given depth for each N species are indicated with different superscripted letters. Significant differences between depths at a given date for total N are indicated with different superscripted numbers.
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BASILIKO, ET AL. SOIL SCIENCE fall and early winter, in contrast to the pattern in the present study. Many studies have used similar incubation techniques to characterize the effects of environmental changes on microbial CO 2 production with samples collected at one time. Our study provides an indication of the relative magnitude of inter-seasonal and inter-annual variability within one site: We observed a doubling in microbial CO 2 production over time. Glatzel et al. (2004) reported a 25-fold increase between slowest and fastest microbial CO 2 production rates in eastern Canadian peatlands that underwent commercial harvesting and subsequent restoration. Microbial C and N only increased a maximum of 1.6-and 2-fold over time in our study, smaller than the 5-and 7-fold temporal variations reported by Williams and Silcock (2000) in a site where the water-table range was greater. In our study, the largest change in N was observed in the inorganic pools, which increased by up to 50-and 10-fold between 2000 and 2001. Williams et al. (1999) also reported large temporal variability, with up to 20-fold increases in NH 4 + concentrations in moss water from a Scottish bog, though in both cases concentrations were reasonably small. Thus, although we have observed significant temporal variations in microbial and nutrient characteristics of the peat, the magnitude is small compared with previously reported variations between sites or depths.
CONCLUSIONS
Our study has demonstrated that there are significant seasonal and inter-annual differences in microbial CO 2 production rates within a peat profile, particularly in the surface layers. There appeared to be a link between lower water table position and increased N availability, which in turn enhanced microbial CO 2 production. Inter-seasonal variability in microbial CO 2 production and microbial biomass C and N pools did not follow consistent patterns, which may have resulted from infrequent or inconsistent sampling, or from variations in environmental conditions. The magnitude of temporal variability for microbial CO 2 production was small compared with other studies using similar techniques to illustrate effects of environmental and land use changes; however, inorganic N concentrations, although present in low concentrations, varied up to 50-fold between sampling dates. Extrapolation of the incubation data showed that microbial production of CO 2 can be up to half of the CO 2 emitted as ER and that inter-annual changes in production potentials may partially explain increased ER in warmer, drier years. These results suggest that changes in potential microbial CO 2 production and microbial community and nutrient characteristics may play an important role in controlling the emission of CO 2 from terrestrial ecosystems such as peatlands.
